The prophylactic and therapeutic activities of teicoplanin were evaluated in two different experimental models of foreign body infections caused by methicillin-resistant Staphylococcus aureus (MRSA). In a guinea pig model of prophylaxis, subcutaneously implanted tissue cages were infected at a >90%6 rate by 102 Bacterial infections of prosthetic devices are a major cause of morbidity and implant failure. Antimicrobial therapy of foreign body infections caused by Staphylococcus aureus is notoriously difficult, and microbial eradication frequently requires the removal of infected materials. An additional serious problem for the therapy of foreign body infections is the increasing incidence of methicillin-resistant strains of S. aureus (MRSA) that frequently express a large number of additional determinants for resistance to several major categories of antistaphylococcal agents. Although vancomycin is the reference antibiotic for treating MRSA infections, its activity against deep-seated infections is not always optimal (30, 32) and frequently requires the parallel administration of other antimicrobial agents such as aminoglycosides or rifampin (18, 49).
intraperitoneally 6 h before bacterial challenge was as efective as vancomycin in preventing experimental infection in tissue cages injected with either 102, 103, or 104 CFU of MRSA. In a rat model evaluating the therapy of chronic tissue cage infection caused by MRSA, the efficacy of a 7-day high-dose (30 mg/kg once daily) regimen of teicoplanin was compared with that of vancomycin (50 mg/kg twice daily). Whereas high levels of teicoplanin were found in tissue cage fluid, continuously exceeding its MBC for MRSA by 8-to 16-fold, no significant reduction in the viable counts of MRSA occurred during therapy. In contrast, either vancomycin alone or a combined regimen of high-dose teicoplanin plus rifampin (25 mg/kg twice daily) could significantly decrease the viable counts in tissue cage fluids. Whereas the bacteria recovered from tissue cage fluids during therapy showed no evidence of teicoplanin resistance, they failed to be killed even by high levels of this antimicrobial agent. The altered susceptibility of in vivo growing bacteria to teicoplanin killing might in part explain the defective activity of this antimicrobial agent when used as monotherapy against chronic S. aureus infections. These data may indicate the need for a combined regimen of teicoplanin with other agents such as rifampin to optimize the therapy of severe staphylococcal infections.
Bacterial infections of prosthetic devices are a major cause of morbidity and implant failure. Antimicrobial therapy of foreign body infections caused by Staphylococcus aureus is notoriously difficult, and microbial eradication frequently requires the removal of infected materials. An additional serious problem for the therapy of foreign body infections is the increasing incidence of methicillin-resistant strains of S. aureus (MRSA) that frequently express a large number of additional determinants for resistance to several major categories of antistaphylococcal agents. Although vancomycin is the reference antibiotic for treating MRSA infections, its activity against deep-seated infections is not always optimal (30, 32) and frequently requires the parallel administration of other antimicrobial agents such as aminoglycosides or rifampin (18, 49) .
There are three major concerns about increasing the use of vancomycin. The first one is its narrow toxic to therapeutic ratio involving serious toxic side effects; the second one is the exclusive intravenous route for administration of this agent, thus involving extensive hospital stay and costs; the third one is the growing concern about the possible acquisition of vanco-mycin resistance by staphylococci (27) , which would result in a major clinical and epidemiological problem.
Teicoplanin is a glycopeptide antibiotic with an antibacterial spectrum similar to that of vancomycin (24) , but with a much longer half-life and less serious side effects (16, 23, 43, 52) . Unlike vancomycin, teicoplanin is well tolerated after intramuscular administration, and its prolonged half-life is suitable for once-daily dosing (43) . Several clinical or experimental studies evaluated the efficacy of teicoplanin for treating deepseated staphylococcal infections. Taken together, these different studies have led to discrepant results and controversial interpretations concerning teicoplanin safety and efficacy (see reviews in references 8, 15, and 16). The divergent results of these clinical studies may be explained by significant differences in their design, for example, the choice of open (4, 22, 23, 31, 33, 36, 47) versus comparative (7, 17, 20, 46, 48, 50) trials, and by the wide range of dosage regimens, treatment durations, and antibiotic combinations used by the different investigators.
The major objective of our experimental study was to evaluate the efficacy of teicoplanin in two related animal models of foreign body infections caused by an MRSA strain (12, 34) . The first of these models (5) was more suitable for assessing the prophylactic activity of teicoplanin on MRSA challenge, whereas the second one (34) (2, 10, 25, 29 (2, 10, 25) , the MICs and MBCs of this glycopeptide for S. aureus were determined in a 2-ml volume containing a mixture of SMHB and pooled tissue cage fluid in a 1:1 ratio.
To evaluate the susceptibility to teicoplanin of S. aureus recovered from infected tissue cage fluids, bacteria were isolated from cage fluids by centrifugation and were treated with 0.1% Triton X-100 and sonication to disrupt the host cells as described previously in detail (13) . Previously described control experiments demonstrated that this procedure, which is used to reduce bacterial clumping, was harmless for ex vivo bacteria regarding their ability to multiply and their susceptibility to antibiotics (13) . The MICs and MBCs of teicoplanin for the bacteria tested directly from tissue cage samples were determined as described above with organisms grown in vitro. To make the comparison with ex vivo bacteria more relevant (13) , bacteria grown in vitro were taken from stationary-phase cultures.
Killing kinetic studies. Initial time-kill studies were performed with exponential-phase bacteria by using standard assay conditions (38) . Glass tubes containing 10 (13, 34) .
To compare the elimination rate of S. aureus recovered from tissue cage fluids with that of the same strain grown in vitro, tissue cage bacteria isolated as described above were directly exposed to 16 ,ug of teicoplanin per ml in tubes containing 2 ml of either SMHB or a 1:1 ratio of SMHB and tissue cage fluid. To make the comparison with ex vivo bacteria more relevant (13) , bacteria grown in vitro were taken from stationary-phase cultures.
Prophylaxis of tissue cage infections. Four polytetrafluoroethylene (Teflon) multiperforated tissue cages each containing three polymethylmethacrylate (PMMA) coverslips (7 by 7 mm) were implanted subcutaneously in guinea pigs under aseptic conditions as described previously in detail (5, 54) . At 3 weeks after implantation, tissue cage fluids were aseptically aspirated and were checked for sterility. Then, tissue cages were inoculated with 0.1 ml of saline containing 102, 103, or 104 CFU of MRSA MRGR3, as routinely checked by plating on MuellerHinton agar. Experimental infection was confirmed by quantitatively culturing aspirated tissue cage fluid (5, 54) .
To study the prevention of experimental infection by the antimicrobial agents, a single dose of either vancomycin or teicoplanin (30 mg/kg of body weight) was administered intraperitoneally 3 or 6 h, respectively, before the inoculation of live staphylococci into the tissue cages. This lag time was necessary to obtain peak levels of either antimicrobial agent in tissue cage fluid at the time of bacterial inoculation. At 24 h, 48 h, and 7 days after the injection of 102, 103, or 104 CFU of MRSA MRGR3, quantitative cultures were performed by plating 100 RI of tissue cage fluid, either undiluted or serially diluted 10-fold on Mueller-Hinton agar. Because of the small volume (100 ,ul) of tissue cage fluid which could be aspirated during repeated punctures, samples yielding no single organism were scored as containing <10 CFU/ml. At day 7 the cages were removed and the coverslips were cultured in Mueller-Hinton broth at 37°C for 7 days. A brief sonication (60 W, 1 min) was performed to disrupt the biofilm and phagocytic cells in order to optimize the yield of viable bacteria. The detection limit was 1 CFU per coverslip. The efficacy of teicoplanin in yielding culture-negative fluids and coverslips in tissue cages challenged by identical numbers of inoculated organisms was compared with that of vancomycin by Fisher's two-tailed (2-by-2) exact test.
Treatment of chronic tissue cage infections. Four tissue cages each containing three PMMA coverslips (7 by 7 mm) were implanted subcutaneously in Wistar rats as described previously (34) . At 3 weeks after implantation, tissue cage fluid was aspirated and was checked for sterility. To establish a chronic local infection by MRSA, tissue cages were inoculated with 0.1 ml of saline containing 0.2 x 106 to 2 x 106 CFU of stationary-phase organisms of strain MRGR3 as described previously (12, 34) . A similar protocol was used for MSSA 120 (45) . Three weeks later, all tissue cages containing more than 105 CFU/ml of fluid were included in the therapeutic protocols.
Rats infected with MRSA MRGR3 were randomized to receive (by the intraperitoneal route for 7 days) either teicoplanin (30 mg/kg once a day), teicoplanin (30 mg/kg once a (Fig. 1) . The addition of rifampin to the teicoplanin regimen strongly antagonized its in vitro bactericidal activity, since the decrease in viable counts of MRSA was <1.6 log1o at 24 h (Fig. 1) . 104 CFU/ml of fluid at 24 h and later. With higher bacterial inocula, the infection rate was 100%. These rates of tissue cage infection by various inocula of MRSA MRGR3 in guinea pigs were similar to those recorded previously with MSSA Wood 46 (5, 54) .
The mean concentrations of teicoplanin in the tissue cage fluid of guinea pigs at various time intervals after administration are shown in Fig. 2A . The levels of teicoplanin in tissue cage fluid slowly increased up to 6 h, reaching plateau values averaging 18 ,ug/ml from 6 to 12 h and slowly declining thereafter. Thus, a single prophylactic dose of teicoplanin produced bactericidal levels (four to eight times the MBC) in tissue cage fluid for the next 24-h period. In comparison, the mean concentrations of vancomycin in tissue cage fluid determined in a previous study (5) were 7.1, 12.2, and 2.0 ,ug/ml at 3, 6, and 24 h, respectively. These comparative pharmacokinetic data of teicoplanin and vancomycin indicated optimal lag times between drug administration and bacterial challenge of 6 h for teicoplanin and 3 h for vancomycin. Table 1 shows that teicoplanin reduced colony counts below the detection limit of 10 CFU/ml of tissue cage fluid within 48 h in all cages challenged with either 102 (n = 9), 103 (n = 9), or 104 (n = 9) CFU of MRSA MRGR3. At 7 days, however, some of the tissue cages challenged with either 103 or 104 CFU of MRSA showed evidence of bacterial regrowth (Table 1) . Whereas vancomycin-treated animals showed transient differences from teicoplanin-treated animals at 48 h, since only 88 and 44% of the tissue cages challenged with 103 and i04 CFU, respectively, were culture negative at that time, equivalent protection rates were reached in both treatment groups when protection rates were scored at 7 days (Table 1) . Furthermore, coverslips from culture-negative tissue cage fluids cultured at 7 days were all found to be sterile (limit of detection, 1 CFU/ml). (Fig. 2B) . Average peak and trough levels of vancomycin in tissue cage fluid were 12 and 2 ,ug/ml at 4 and 12 h, respectively, as described previously (34) . Average peak and trough levels of oxacillin in tissue cage fluid were 45 and 5.7 jig/ml at 2 and 12 h, respectively, as described previously (45 Finally, the most efficient treatment regimen was the combination of teicoplanin and rifampin, which led to a significant (P <0.01 versus all other regimens) reduction of 2.00 ± 0.21 log1o CFU/ml of tissue cage fluids (n = 35) (Fig. 3) . The effectivenesses of teicoplanin (alone or with rifampin), oxacillin, and vancomycin against chronic tissue cage infections caused by MSSA 120 were also compared; the properties of strain 120 have been described previously (13, 14, 45) . Whereas at the end of the 7-day treatment period no regimen with any single agent led to any statistically significant decrease in viable counts in tissue cage fluids compared with that in controls, combined therapy with high-dose teicoplanin and rifampin was significantly (P < 0.01) more effective than the monotherapies in decreasing the viable counts in tissue cage fluids by 2.17 ± 0.23 log1o CFU/ml (n = 19).
Activity of teicoplanin on bacteria grown in vitro and in vivo. Susceptibility tests were also performed with bacteria recovered from tissue cage fluid before and after therapy. The MICs (1,ug/ml) of teicoplanin for bacteria recovered from tissue cages in SMHB were similar to those of organisms grown in vitro and did not change during therapy. In contrast, the MBCs (>32,ug/ml) of teicoplanin for both pre-and posttherapy organisms were markedly elevated over those for bacteria grown in vitro. These elevated MBCs against bacteria recovered from tissue cage fluid were due to their incomplete elimination by concentrations ranging from 1 to 16 ,ug/ml. The elevated MBC-to-MIC ratio of teicoplanin against bacteria recovered from tissue cages reproduced previous findings showing the increased tolerance of tissue cage fluid organisms to various antibiotics including vancomycin (13) . Since these effects were observed in the absence of any tissue cage fluid components added to SMHB, they indicated that susceptibility changes rather than interference with the teicoplanin bactericidal activity by protein binding occurred in the population of bacteria in tissue cage fluid.
To further explore the defective bactericidal activity of teicoplanin against tissue cage fluid organisms of strain MRGR3 at concentrations relevant to therapy, time-kill studies were performed. Figure 4 shows the lack of significant elimination by 16,ug of teicoplanin per ml of bacteria recovered from tissue cage fluid after therapy, with average decreases in viable counts of 0.4 and 1 log1o CFU/ml at 6 and 24 h, respectively. The very low elimination rate of tissue cage bacteria contrasted with the faster rate of elimination of bacteria in the stationary phase grown in vitro tested in parallel (Fig. 4) . Such differences between organisms recovered from tissue cages and in vitro were independent of the presence or absence of 50% tissue cage fluid added to SMHB (Fig. 4) planin resistance, we sequentially tested bacteria removed from tissue cages before and after teicoplanin monotherapy and evaluated the proportion of colonies growing on agar containing either four-or eightfold the MICs of teicoplanin. The proportions of organisms growing on 4 and 8 ,ug of teicoplanin per ml were 7.7 x 10-' and 1.9 x 10' before therapy and 5.9 x 10-5 and 1.0 x 10-5 after therapy,
respectively. This absence of any significant increase in the frequency of resistant colonies during therapy ruled out support for the possibility of the emergence of a resistant subpopulation promoted by the high-dose teicoplanin regimen. Emergence of resistance during combined therapy. The potential emergence of bacteria resistant to rifampin or teicoplanin during combined therapy was also studied. No rifampinor teicoplanin-resistant organism of MRSA MRGR3 was found in the fluids or on coverslips of 35 tissue cages from animals treated with teicoplanin and rifampin. Similar data (data not shown) were found with MSSA I20.
DISCUSSION
The optimal dosing of teicoplanin required for the safe and effective treatment of serious staphylococcal infections has frequently been discussed and reevaluated (53) since early clinical studies with maintenance doses of 200 mg of teicoplanin reported success rates of <50% for the therapy of staphylococcal bacteremia, endocarditis, and osteomyelitis (7, 8, 15, 22) . Subsequent results from a number of additional open or comparative trials performed over the past decade (4, 17, 20, 23, 31, 33, 36, (46) (47) (48) 50) combined with more accurate pharmacokinetic and protein binding estimates (2, 10, 29, 43) have led to recommendations (15, 23) of higher daily doses of teicoplanin, ranging from 6 (15) to 12 (53) or 15 (23) mg/kg/ day. With the 15-mg/kg teicoplanin regimen, very high levels of drug in serum (>30 pug/ml), equivalent to 30 times the MICs of teicoplanin for susceptible isolates of S. aureus, were continuously present in patients (23) and could overcome protein binding by serum components.
Teicoplanin was also evaluated in various animal models (1, 9-11, 19, 28, 29, 39, 41, 51) , which generally showed that this glycopeptide has activity equivalent to that of vancomycin for the therapy of experimental endocarditis caused by either S. aureus (1, 11) or Staphylococcus epidermidis (19) , except when the emergence of teicoplanin resistance led to therapeutic failure (28, 29) . A single animal study systematically explored pharmacokinetic parameters that would optimize the efficacy of teicoplanin therapy for S. aureus endocarditis (10) . Despite a wide range of experimental conditions, including high-dose and low-dose regimens and various routes of administration (10) , no simple relationship could be established between dosage, levels of drug in serum, and the therapeutic efficacy of teicoplanin.
To avoid interference by protein binding (2, 10, 29, 43) in the evaluation of teicoplanin activity for either the prophylaxis or the treatment of chronic S. aureus infection, we selected a high-dose regimen of 30 mg/kg administered as a single dose to guinea pigs or as multiple doses to rats. Under this regimen, teicoplanin reached trough levels of 16 ,ug/ml in rat tissue cage fluid, which is equivalent to 8-to 16-fold its MBC for MRSA. Control experiments assessed that protein binding by tissue cage fluid components did not interfere with the bactericidal activity of teicoplanin, at least when this activity was evaluated against organisms grown in vitro at a concentration equivalent to the trough level in tissue cage fluid. In contrast to cultures of strain MRGR3 grown in vitro, tissue cage fluid bacteria were not killed to a significant extent by 16-fold the MIC of teicoplanin, irrespective of the presence or absence of tissue cage fluid components. There was also some significant difference in the in vivo activity of teicoplanin, which proved significant in the guinea pig prophylactic model of foreign body infection and which contrasted with the lack of activity in the rat model of chronic infection. This might be due to the fact that in the prophylactic model, the bacterial populations injected into tissue cages and immediately exposed to high levels of antibiotic are in metabolic conditions similar to those expressed during their growth in vitro. In contrast, chronically infected tissue cages might contain a much lower proportion of actively multiplying organisms. It is striking to notice the significantly better activity of teicoplanin in experimental models of S. aureus endocarditis (1, 10, 11, 28, 29) than in chronic models of osteomyelitis (39) or tissue cage infections. Treatment protocols for rabbit endocarditis caused by S. aureus are generally started within 24 h after infection, namely, just after the rapid growth of the microbial population within the infected vegetations. In contrast, the lack of efficacy of teicoplanin monotherapy against chronic osteomyelitis was related to the altered metabolic conditions of S. aureus prevailing in the anaerobic environment in the osteomyelitic rat bone (39) , leading to a 16-fold increase in the MIC of teicoplanin for S. aureus (39) .
Previous observations made in various laboratories (6, 13, 21) have indicated that bacteria growing in vivo may become markedly tolerant to various categories of bactericidal antibiotics. Two major criteria generally used to characterize bacterial tolerance to bactericidal antibiotics are an elevated MBCto-MIC ratio (>16-fold) and/or decreased elimination rates in kinetic studies (26, 42) . In agreement with other investigators working with a variety of experimental systems (6, 21), we have previously described (13) the elevated MBC-to-MIC ratios (>100-fold) of representative beta-lactam, quinolone, and glycopeptide compounds for bacteria removed from chronically infected tissue cage fluids. Most of these data were obtained with MSSA I20 and were completed with time-kill studies showing a slow and incomplete elimination of this strain by eightfold the MICs of either oxacillin, fleroxacin and vancomycin, leading to a decrease in viable counts ranging from 2.0 to 2.5 loglo CFU/ml at 24 h. In the previous study (13) , a limited number of time-kill studies were also performed with tissue cage bacteria of MRSA MRGR3, whose viable counts decreased by 2.3 and 2.5 log1o CFU/ml at 24 h by eightfold the MICs of vancomycin and fleroxacin, respectively. Since the elevated MBC-to-MIC ratio of teicoplanin found in the present study for MRSA in tissue cage fluid is not significantly different from those recorded with vancomycin and fleroxacin (13) , this parameter does not provide an explanation for the different efficacies of teicoplanin and vancomycin in the treatment of chronic tissue cage infections caused by MRSA. It is possible, however, that the rate of elimination by 16-fold the MIC of teicoplanin of MRSA removed from tissue cage fluid, which is the lowest ever recorded for any antimicrobial agent that is active against strain MRGR3, might be better than the increased MBC-to-MIC ratio in explaining the resistance of tissue cage bacteria to teicoplanin killing in vivo. We can even speculate that the resistance of tissue cage bacteria to teicoplanin killing might even be higher in the in vivo environment than in the ex vivo situation. Previous observations have indeed demonstrated that the phenotypic tolerance expressed by tissue cage bacteria is unstable and is entirely reversible after growth for 4 h in antibiotic-free growth medium (13) .
The contribution of the resistant subpopulations that emerged during therapy was also carefully studied in our 1708 SCHAAD ET AL. (28, 35) or experimental (28, 29) teicoplanin therapy of S. aureus infections. Although initial observations made at the end of teicoplanin monotherapy suggested that the emergence of antibiotic resistance was the reason for an increased proportion of colonies growing on teicoplanin-enriched agar in comparison with the number of organisms grown in vitro, further studies failed to confirm the selection of a teicoplaninresistant subpopulation by the high-dose regimen. To summarize these findings, we can say that the susceptibility to teicoplanin of tissue cage bacteria differs from that of organisms grown in vitro by three unusual characteristics: (i) the emergence of a "resistant" subpopulation presumably triggered by in vivo conditions, but independently from antibiotic preexposure; (ii) the nonenrichment of the "resistant" subpopulation, despite the presence of continuously high levels of teicoplanin for several days; and (iii) the rapid disappearance of the teicoplanin-"resistant" subpopulation after a single transfer in vitro in antibiotic-free medium. These characteristics do not fit the standard criteria for the emergence of antibiotic resistance. Although we mentioned in a previous report (44) that for isolated colonies of bacteria recovered from tissue cages on agar containing 10,ug of teicoplanin per ml the elevated MICs were maintained during repeated subcultures, this was achieved only by transferring these colonies on teicoplanin-enriched agar. Although a number of reports of clinical (18, 49) and experimental (3, 40) studies suggest an improved efficacy of a combined therapy (vancomycin plus rifampin) over singleagent regimens against S. aureus infections, the superiority of teicoplanin plus rifampin over teicoplanin alone against chronic tissue cage infections caused by MRSA and MSSA was even more impressive because of the ineffectiveness of the glycopeptide alone. The finding of higher levels of teicoplanin in tissue cages during combined therapy with rifampin remains unexplained and has not been reported previously. It is unlikely that such an increase in teicoplanin levels in tissue cage fluid played a major role in the improved efficacy of the combined therapy over that of teicoplanin monotherapy, since the levels of teicoplanin alone were far above the MBC for MRSA. We have previously shown, using the same model, that rifampin is effective as a single agent against chronic tissue cage infections caused by MRSA but that monotherapy with rifampin is eventually compromised by the emergence of drug resistance, which occurred in >75% of the tissue cages (34) . Data from the present study suggest that teicoplanin, as was shown previously for vancomycin (34) , may help prevent the emergence of rifampin-resistant organisms during therapy of chronic tissue cage infections. Similar data have been found by other investigators (3, 40) .
In conclusion, a high-dose regimen of teicoplanin was as effective as vancomycin in preventing experimental foreign body infections in subcutaneously implanted tissue cages, but showed no significant activity against chronic implant-related infections by either a methicillin-resistant or -susceptible strain of S. aureus. The levels of teicoplanin in tissue cage fluid were continuously 8-to 16-fold higher than the MBCs for MRSA and could overcome protein binding by tissue cage fluid components. The rapid elimination of bacteria grown in vitro by teicoplanin contrasted with the lack of killing by the same agent of bacteria recovered from infected sites. Since no teicoplanin-resistant subpopulations were selected by the highdose regimen of teicoplanin, these data suggest that in vivo tolerance to teicoplanin may occur in situations of chronic S. aureus infections and may contribute to therapeutic failure.
The addition of rifampin to the high-dose teicoplanin regimen led to significant therapeutic activity. Detailed metabolic studies of bacteria growing in vivo, such as the S. aureus bacteria found in chronic implant-related infections, need to be performed to elucidate the mechanisms of antibiotic tolerance that are occurring in such bacterial populations.
